Higgs-Radion interpretation of the LHC data? 



Bohdan Grzadkowski 
Institute of Theoretical Physics, 
Faculty of Physics, University of Warsaw, 00-681 Warsaw, Poland 

John F. Gunion 

Department of Physics 
University of California, Davis, CA 95616, U.S.A. 

Manuel Toharia 
Department of Physics, Concordia University 
7141 Sherbrooke St. West, Montreal 
Quebec, CANADA H4B 1R6 

We explore the parameter choices in the five-dimensional Randall-Sundrum model with the in- 
clusion of Higgs-radion mixing that can describe current LHC hints for one or more Higgs boson 
signals. 



I. INTRODUCTION 

The two simplest ways of reconciling the weak energy scale 0(1 TeV) and the much higher GUT or reduced Planck 
mass scale 0(10^^ GeV) in a consistent theory are (i) to employ supersymmetry or (ii) to introduce one or more warped 
extra dimensions. In this letter, we pursue the 5D version of the latter introduced by Randall and Sundrum (RS) 
[1] , but modified in that all fields other than the Higgs reside in the bulk. Having the gauge and fermion fields in the 
bulk is needed to adequately suppress flavor changing neutral current (FCNC) operators and operators contributing 
to precision electroweak (PEW) corrections |2HS]- 

In the notation of [TU], the background RS metric that solves Einstein's equations takes the form 

ds^ = e-2™o&o|y|^^^^2.Mrf2;'^ - bldy'^ (1) 

where y is the coordinate for the 5th dimension with \y\ < 1/2. The graviton and radion fields, h^^{x,y) and <f>Q{x), 
are the quantum fluctuations relative to the background metric rj^n and 5o, respectively. In particular, (t>Q{x) is the 
quantum degree of freedom associated with fluctuations of the distance between the branes. In the simplest case, only 
gravity propagates in the bulk while the SM is located on the infrared (or TeV) brane at y = 1/2 and the interactions 
of Kaluza-Klein (KK) gravitons and the radion with the SM are described by 

where h^^{x) are the KK modes (with mass m„) of the graviton field h^i^[x,y). In the above, A.w ~ ^/2^mpl^lo, 

where f2o = e~5™o''o^ and — a/3 Avi/ is the vacuum expectation value of the radion field. Note from Eq. (2| that 
the radion couples to matter with coupling strength l/A^. If matter and gauge fields propagate in the bulk then the 
interactions of gravitons and the radion with the matter and gauge fields are controlled by the overlap of appropriate 
5th-dimensional profiles and corrections to Eq. ^ appear. 

In addition to the radion, the model contains a conventional Higgs boson, /iq. The RS model provides a simple 
solution to the hierarchy problem if the Higgs is placed on the TeV brane at y = 1/2 by virtue of the fact that the 
4D electro-weak scale vq is given in terms of the 0{nipi) 5D Higgs vev, v, by: vq — flov = £-2"'-oboy ^ i 'pgy fQj- 
^mo^o ~ 35 . As a result, to solve the hierarchy problem, A^ = ^/Gmpi^o should not exceed a few TeV IJ. 

The ratio mo/mpi is a particularly crucial parameter that characterizes the 5-dimensional curvature. As discussed 
shortly, large curvature values nio/mpi > 0.5 are favored for fitting the LHC Higgs excesses and by bounds on FCNC 
and PEW constraints. In early discussions of the RS model it was argued that i?5/M| < 1 (M5 being the 5D Planck 
scale and i?5 = 20r7io t^i^ size of the 5D curvature) is needed to suppress higher curvature terms in the 5D action, 
which leads to mo/mpi < 0.15 being preferred. However [S] argues that -Rs/A^ (with A being the energy scale at 
which the 5D gravity theory becomes strongly coupled, estimated by naive dimensional analysis to be A ~ 2\/3'7rAf5) 

is the appropriate measure, implying that values as large as mo/mpi < 3tt^ / (5\/5) ^ 3 are acceptable. In this 
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regard, the relation between the mass of the 1st KK graviton excitation (G^), mo/mpi and A^, 

KK _ {mQ/mpi)xf^ 

- A0, (6) 

where ^ 3.83 is the 1st zero of the Bessel function Ji, will require large niQ/mpi if the lower bound on mf^ is 
large and ^ 1 TcV. 

In the simplest RS scenario, the SM fermions and gauge bosons are confined to the brane. However, this is 
now regarded as highly problematical because the higher-dimensional operators in the 5D effective field theory are 
suppressed only by TeV~^ and then FCNC processes and PEW observable corrections are predicted to be much 
too large. This arrangement also provides no explanation of the flavor hierarchies. It is therefore now regarded as 
necessary [5H5] to allow all the SM fields (except the Higgs) to propagate in the extra dimension. The SM particles 
are then the zero-modes of the 5D fields and the profile of a SM fermion in the extra dimension can be adjusted using 
a mass parameter. If 1st and 2nd generation fermion profiles peak near the Planck brane then FCNC operators and 
PEW corrections will be suppressed by scales ^ TeV. Even with this arrangement it is estimated that the g^, 
and masses must be larger than about 3 TeV (see the summary in [S]). 

If the gauge bosons and fermions do not propagate in the bulk, then the strongest limits on A^ come, via Eq. (|3|, 
from the lower bound placed by the LHC on the first graviton KK excitation (see, for example, [TT] and [T^] for the 
ATLAS and CMS limits). However, when the fermions propagate in the bulk, the couplings of light fermion pairs 
to are greatly reduced and these limits do not apply. When gauge bosons propagate in the bulk, a potentially 
important experimental limit on the model comes from lower bounds on the 1st excitation of the gluon, g^. In the 
model of |13j . in which light fermion profiles peak near the Planck brane, there is a universal component to the 
light quark coupling qqg^ that is roughly equal to the SM SU{2) gauge coupling g times a factor of (~^, where 

C ^ \J ^nT'obo ^5 — 6. The suppression is due to the fact that the light quarks are localized near the Planck brane 

whereas the KK gluon is localized near the TeV brane. Even with such suppression, the LHC g^ production rate 
due to uu and dd collisions is large. Further, whatever the model, the tptjig^ coupling is large since the tp profile 
peaks near the TeV brane - the prediction of [12] is 5t^t^gi ~ Cs- a result, the dominant decay of the g^ is to 
ti. ATLAS and CMS search for tt resonances at high mass. Using gqqgi ~ <?C~^j q = u,d, one finds a lower bound of 
mf > 1.5 TeV fT31 using an update of the analysis of [T^]. ([IS] gives a weaker bound of mf > 0.84 TeV.) . 
In terms of A^, we have the following relations: 

mpi xl A^ A^ 2 \V6mpiJ 

where xf = 2.45 is the 1st zero of an appropriate Bessel function. If the model really solves the hierarchy problem 
then A^ < 10 TeV is required. If we adopt the CMS limit of mf > 1.5 TeV then Eq. ^ implies a lower limit on 
the 5-dimensional curvature of mo/mpi > 0.15. Thus, a significant lower bound on m\ miplies that only relatively 
large values for nio/mpi are allowed. As discussed above, tuq /mpi values up to ~ 2 — 3 are probably consistent with 
curvature corrections to the RS scenario being small. Still, tension between the lower bound on and keeping 
acceptably small mo/mpi could increase to an unacceptable point as the LHC data set increases. We will discuss the 
phenomenology that applies if the value of A^ for any given (mo/mpi) is tied to the lower bound of mf = 1.5 TeV 
using Eq. Q. Alterations to the phenomenology using mf = 3 TeV, as perhaps preferred by PEW constraints, will 
also be illustrated. 

However, there are alternative approaches in which a lower bound on mf from the LHC implies a less tight bound 
on A^. For example, including brane kinetic terms localized on the visible brane for gauge fields and gravity will 
modify the Kaluza-Klein spectrum and the couplings of the fields ^16.-18 . In particular, the relation between ma/mpi, 
mf and A^ will be modified in such a way that a large lower bound on mf can still allow A^ sufficiently low that 
the radion will have phenomenological impact. In this paper, we thus also examine a non-minimal model in which 
no mo/mp/-dependent tie between mf and A^ is assumed, implying that direct and indirect bounds on mf do not 
exclude the relatively low values of A^ — 1.5 TeV and 1 TeV for even relatively low values of m^/mpi. 

Since the radion and Higgs fields have the same quantum numbers, it is generically possible to introduce some 
amount of mixing between them. When the Higgs is localized on the TeV brane, this mixing can be introduced 
through an action operator that can be written in the form [19j : 

rt 



S^^i d^x^,R{g,i,)H^H , (5) 



3 



where R{gvis) is the Ricci scalar for the metric induced on the visible brane, and H is the Higgs field in the 5-D context 
before rescaling to canonical normalizatiorj^ . The physical mass eigenstates, h and (j), are obtained by diagonalizing 
and canonically normalizing the kinetic (and mass) terms in the Higgs-radion Lagrangian. The diagonalization 
procedures and results for the h and <p using our notation can be found in [TU] (see also \W[ 120) 1 One finds 



Hq = dh + c(j) 



a(j> + bh , where d = cos9 — ts'mO, c — s'mO + tcosO, a 



sin 9 



(6) 



with t = 6^7/Z, = 1 + 6^7^(1 - 60 and tan26' = Uj^ZmlJ {ml^ - m^jZ^ - Here m^^ and m^^ are 

the Higgs and radion masses before mixing. Consistency of the diagonalization imposes strong restrictions on the 
possible ^ values as a function of the final eigenstate masses ruh and m^, which restrictions depend strongly on the 
ratio 7 = vo/Afp {vq = 246 GeV). 

The full Feynman rules after mixing for the h and (f> interactions with gauge bosons and fermions located in the 
bulk were derived in |21| . Of particular note are the anomaly terms associated with the (jjQ interactions before mixing. 
To be precise, we give a few details of these important couplings and their implications. Let us begin by defining 



9h 



(d + -fb) g^^{c + -fa) gl ^ jb g^^-fa. 



(7) 



Relative to the Feynman rules of Fig. 29 of |10) , the following modifications of the gg and 77 couplings are required 
when the gauge bosons propagate in the bulk: 



as 
Attv 

a 

2'KV 



^1/2 (n) -2(63 + 



27r 



■)9h. 



gh,c^y^e^KF,{n)~{b2+bY + 



2tt 



a^mobo 



)9h. 



(8) 



(In Fig. 29 of [TU] we used the notation gfv for what we here call gh,(t>- Also gr from [TU] is replaced here by 5^ ^ 
which incorporates the bulk propagation effects by the virtue of the second term in the parentheses above). Since 
63 = 7 and 62 + = —11/3, the new ^ corrections can be significant. 

There are also modifications to the WW and ZZ couplings of the h and relative to Fig. 29 of |10j . Without bulk 
propagation, these couplings were simply given by SM couplings (proportional to the metric tensor •q^^'^) times gt or 
g^. For the bulk propagation case, there are additional terms in the interaction Lagrangian that lead to Feynman 
rules that have terms not proportional to 77'"', see |21| . For example, for the W we have (before mixing) 



C^ho'^^WlW^ 



2m2^ 

— 



WlW^' (1 



Kw) + W^^W 4^2^(-l^^^^^ 



(9) 



where kv 



for V — W, Z. After mixing, this becomes, for example for the h interaction 



■9h 



W^ W^" 



EE h 



2m 



'^gJ^iwlw'^ + v^wl^w'^''] 



(10) 



with a similar result for the (h. Here we have defined 



V — 

9h,4> — 9h,<ji 



r V — 9h.4, 1 



(11) 



Substituting one mw — hgv this gives the Feynman rule for the hWW coupling as 



Wmw9h [vM^ - 2fc+ • fc-r;,f ) + 2^^k+K 



(12) 



^ Note however that in the case of a Higgs leaking into the bulk, the 5D Higgs potential itself will induce some mixing with the radion, 
which should be added to that coming from Eq. ([5|. For simplicity we will restrict ourselves to the case of a brane localized Higgs. 

^ In the current paper we change the sign of our convention for <f>Q. We also note that in |19l 1201 the coefficients in the ho decomposition 
are denoted by a, b and those in the <j)0 decomposition are denoted c, d, i. e. the reverse of our conventions. 
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where , k are the momenta of the , W , respectively. The notations and results for the </> and for V = Z are 
obtained by corresponding modifications. Now, defining i?^^ = 2ri^^my/{l — 2fc+ • k~ri^^) and Xy'^ = Aniy/mf^ ^, 
one finds that the matrix-element-squared for hycf) ^ VV is proportional to 



{gl^ni~2k+-k-^l^f 



-1 h.d) , 3, h,(b\ 

1 - 2^1/ + li^V ) 



V 



Xy 



(4^)2 X'y^ 



(13) 

where k^ ■ k^ — {2my /xy'^){l — ^Xy'^). The SM result would be obtained by setting = 1 and ry^^ = 0. 

In the case of fermions propagating in the bulk, both the radion and the Higgs couplings to SM fermions can be 
slightly modified. The couplings of the radion to the TeV-brane-localized top quark will receive no corrections with 
respect to the original setup. However, for quarks that are localized near the UV brane (including the right-handed 
bottom) , the modifications to the radion quark couplings can be of order ~ 10% — 20% [5T] . Moreover, these coupling 
modifications are not universal and so will also produce some amount of flavor violation into the couplings of the 
radion with fermions [22 . Observing any of these effects will be challenging at the LHC and so in general we will 
neglect them. 

Even though we neglect bulk effects in Yukawa couplings, it is worth commenting further on the possible conse- 
quences of fermions propagating in the bulk. As an illustration, we briefly discuss the case of the unmixed Higgs 
interacting with fermions that are allowed to propagate in the bulk. The interaction term between the brane Higgs 
and the up-type fermions can be written as 

yv^.) {HQlYiUr + HQrY2Ul + h.c) , (14) 

where Yi and I2 are 3x3 complex matrices in flavor space. For simplicity, we consider a setup in which the electroweak 
gauge symmetry imposed on the model is that of the SM, i.e. SU(2) x [/(I). The term S{y — yms)H represents an 
SU{2) Higgs doublet field localized on the visible brane, whereas Q — Ql + Qr and U = Ul + Ur are 5D fermion 
fields, transforming as doublet and singlet under SU{2) respectively. Note that in general 5D fermions have vectorlike 
representations, and in order to obtain a chiral low energy theory, one must impose vanishing boundary conditions 
(Dirichlet boundary conditions) on the field components Qr and U^. Doing so eliminates these components from 
the lowest Kaluza Klein level, ensuring a chiral theory for the zero-mode fermions (which are therefore understood to 



be the SM fermions). The Yukawa operators in Eq. (14) are localized on the visible brane, and are therefore chiral, 
i.e. the left and right handed components of the 5D fermions can be treated differently. Thus, we should generally 
consider Yi ^ I2. In [23] it was shown that the operator proportional to Y2 leads to the appearance of flavor- violating 
couplings as well as potentially large corrections to the diagonal Higgs Yukawa couplings of the effective theory. 
These l2-operators can also potentially modify the radiative coupling of the Higgs to photons and, especially, to 
gluons [Ml US . The parametric dependence of these two effects (the corrections to the Higgs-fermion couplings and 
the correction to the Higgs-gluon coupling) is the same and goes as Y1Y2 ^ — , where Mkk is the mass scale of the 

K K 

KK fermions and v is the Higgs vev. Perturbativity requires |Yi|, II2I ^ C'(3) [5SJ[57]. As the size of these 5D Yukawa 
couplings is reduced, so are the corrections induced. In fact, to successfully generate the SM fermion masses only the 
Yi operator is needed, i.e. Y^ terms are not necessary. Thus, if we take IY2I ^ |Yi| so as to avoid l2-iiiduced flavor 
violating couplings then large Yi values are possible with no corrections to the Higgs couplings. Indeed, if |Yi| is as 
large as possible and IY2I is small, this will reduce FCNC effects coming from the KK gluon excitations [26j[27] as well 
as those from Yukawa Higgs couplings. In what follows, we adopt this limit and neglect the Y2-induced corrections to 
Higgs couplings. Finally, we note that corrections to the /1077 couplings from KK W excitations were shown in [5S] 
to be < 5% and will be neglected in our study. 

With all this in mind, our goal here in this paper is to illustrate the complexity of the phenomenology of the 
Higgs-radion system in the context of LHC data. We will show in particular that an approximate fit to the most 
prominent "excesses" in the Higgs search data can be explained in the context of the model. Earlier papers on this 
topic include gS], [21] (see also [5D]) and [H]. 

II. LHC EXCESSES 

The Large Hadron Collider (LHC) data from the ATLAS [32] and CMS [33j collaborations suggests the possibility 
of a fairly Standard Model (SM) like Higgs boson with mass of order 123 — 128 GeV. In particular, promising hints 



^ In order to reduce tensions from PEW constraints one could consider extending the gauge symmetry group in order to add some built-in 
custodial symmetry protection (see e.g. 8 ). 

The corrections (either enhancement or suppression) to Yukawa couplings and Higgs production cross sections arising if fully general 
situations are considered, i.e. by employing moderate to large entries in both matrices Yi and Y2, can be of order tens of percent .23. 25] . 
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appear of a narrow excess over background in the 77 and ZZ — > 4£ final states with strong supporting evidence from 
the WW — Iviv mode. The ATLAS resuhs suggest that the 77 and 4£ rates may be significantly enhanced with 
respect to the SM expectation at a mass near 125 GeV. The CMS 77 rate is maximal for M^^ ~ 124 GeV and 
also appears to be somewhat enhanced with respect to the SM expectation. At this mass the CMS signals in other 
channels, including Ivlv and \l are roughly consistent with the expectation for a SM Higgs. In addition, CMS data 
shows excesses in the 4^ rate near 120 GeV (at which mass they do not see a 77 excess) and in the 77 rates near 
137 GeV (at which mass there is no 4^ excess), but neither is confirmed in the ATLAS data. 

One important point regards the W~^W~ — > ii'ii' final state. The signal for a scalar state of any given mass will 
be spread out into many bins of a variable such as the transverse mass, m^, as a result of the missing energy carried 
by the neutrinos. Thus, if there are two scalar states that have equal production cross section times WW branching 
ratio both may contribute but their contribution will depend upon the analysis cuts applied. This contrasts with the 
ZZ — > A£ channel (the only ZZ channel analyzed for scalar masses below 200 GeV) and the 77 channel both of which 
have excellent mass resolution so that excesses should appear centered on the scalar state masses. For this reason, we 
focus on these latter channels. 

In the context of the Higgs-radion model, positive signals can only arise for two masses. If more than two excesses 
were to ultimately emerge, then a more complicated Higgs sector will be required than the single Hq case we study 
here. Certainly, one can consider including extra Higgs singlets or doublets. For the moment, we presume that there 
are at most two excesses. In this case, it is sufficient to pursue the single Higgs plus radion model. 

We will consider three cases, labelled as ATLAS, CMSA and CMSB. We quantify the excesses in terms of the 
best fit value for R{X) = a{X) / ac,yi[X) for a given final state X. Errors quoted for the excesses are those for ilcr. 
The mass locations and excesses in the 77 and M channels in these three cases, tabulated in Table |lj are taken from 
Figs. 8a and 8b of [32] in the ATLAS case and from the appropriate windows of Fig. 14 of fSF in the case of CMSA 
and CMSB: To an excellent approximation, only the gg initial state is relevant for inclusive h and (p production 



TABLE I. Three scenarios for LHC excesses in the 77 and 4£ final states. 





125 GeV (ATLAS) or 124 GeV (CMS) 


120 GeV 


137 GeV 


ATLAS 


i?(77) ~ 2.otr8, Rm ~ i-5ti;g 


no excesses 


no excesses 


CMSA 


i?(77) ~ L7lO;?, Rm ~ 0.5iJ;^ 


i?(4/) = 2.Qt\l Rill) < 0.5 


no excesses 


CMSB 


i?(77) ~ L7lO;?, Rm ~ 0.5i;;^ 


no excesses 


R{ji) = i.5t°:i Rm < 0.2 



followed by decay to 77 or ZZ — > M and so we will be comparing the ratios 



R (X\- ^h{gg)BR{h-^X) r^{gg)BR{cf>^X) 

'~ r.,,, igg)BRihsM ^ X) ' ""^^ >- r,,,, igg)BR{hsM ~^ X) ' ^ ^> 

where numerator and denominator are computed for the same mass, to the ATLAS, CMSA and CMSB R{X) values 
quoted above. We also note that CMS gives results for W,Z + bb relative to W,Z + hsM with hsM — > in the SM at 
120 GeV and 124 GeV of and O.Sj^^^'g, respectively. No measurement for the hb final state is quoted for 137 GeV. 
Finally, CMS has recently given results at 125 GeV for the 77 final state in which the WW fusion induced rate is 
separated from the gg fusion induced rate . They find a ratio relative to the SM prediction for WW — >■ hsM 11 
of Rww{ll) = 3-7ii;8 125 GeV. Removing this WW fusion component from the inclusive 77 final state gives a gg 
fusion ratio of Rggdl) = 1.62 ± 0.69. Were the Rwwill) and Rggill) enhancements to both persist with increased 
statistics, it will be a huge challenge to the Higgs-radion approach (as we shall discuss) as well as to other models. 

We note that the error bars on the SM multipliers for the ATLAS, CMSA and CMSB scenarios are large and we 
regard it as likely that the central values will surely change with more integrated luminosity at the LHC. Increased 
integrated luminosity will hopefully increase the agreement between the ATLAS and CMS excesses, but could also 
worsen the consistency, or perhaps even lead to the disappearance of the excesses. Thus, the comparisons below 
should only be taken as illustrative of the possibilities. (Note that our plots are always done with either rrih or 
equal to 125 GeV as appropriate for the ATLAS excess. However, there is no change in the plots if we use 124 GeV, 
as more precisely appropriate to the central value of the CMSA and CMSB excesses.) 

As discussed above, it is appropriate to consider two different kinds of models: a basic model in which a strong 
lower bound on the mass of the first excited gluon implies a significant lower bound on A^ as a function of mo /mpi 
and a model with non-minimal extensions such that a fixed (low) value of A^ can be considered for the full range of 
niQ/mpi even if there is a significant lower bound on mf. We consider these two alternatives in turn. 
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A. Lower bound on mf 



In this section, we consider a model along the lines of in which FCNC and PEW constraints are satisfied by 
virtue of the fermionic profiles being peaked fairly close to the Planck brane leading to fairly definitive couplings of 
the fermions to the excited gauge bosons. As described earlier, a lower bound of ^ 1.5 TeV can be obtained from 
LHC data while FCNC and PEW constraints suggest a still higher bound of '-^ 3 TeV. We will show some results 
for both choices as we step through various possible mass locations for the Higgs and radion that are motivated by 
the LHC excesses in the 77 and/or M channels. In what follows, each plot will be labelled by the value of iriQ/mpi 
chosen and the corresponding mpiQo value as calculated for the fixed using Eq. Q. 



mh=125 GeV 

mo/Mpi=0.40 Mpino= 1.5 TeV 
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FIG. 1. For ruh = 125 GeV and = 120 GeV, we plot Rh{X) and R^^iX) for V = 77 and X = ZZ (equivalent to X = 4£) 
as a function of ^, assuming mf = 1.5 TeV. Also shown are the similarly defined ratios for Z + h production with h ^ bb and 
Z + <j) production with (j) — !> 66. 



1. Signal at only 125 GeV 



In Fig.[T]we illustrate some possibilities for rrih = 125 GeV and = 120 GeV taking mf — 1.5 TeV. First, we note 
that to get an enhanced 77 rate at 125 GeV, it is necessary to have mg/mp; > 0.4 and ^ < 0. In order to have small 
i?^(77) and R^{4:£) at 120 GeV while at the same time Rhi'j'y) ^ 1.5 at 125 GeV, for consistency with the ATLAS 
scenario, then mo/mpi = 0.4 and 1^ ^ —0.09 are good choices. The somewhat larger associated value of Rh{4:i) is 
still consistent within errors with the ATLAS observation at 125 GeV. We note that for the reversed assignments of 
rrih = 120 GeV and = 125 GeV, we cannot find parameter choices that yield a decent description of the ATLAS 
125 GeV excesses with Rh{'jj) and Rh{4:£) being sufficiently suppressed at 120 GeV. 



2. Signals at 125 GeV and 120 GeV 

Fig. [Tjalso exemplifies the fact that with mf = 1.5 TeV the Higgs-radion model is unable to describe the CMSA 
scenario. In the regions of ^ for which appropriate signals are present at 125 GeV from the h, then at 120 GeV the 
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4£ and 77 rates are either both suppressed or i?0(77) > i?0(4f). This phenomenon persists at higher mo/mpi values 
as well as higher mf. 



3. Signals at 125 GeV and 137 GeV 

Let us next consider the CMSB scenario, i.e. neglecting the M excess at 120 GeV in the CMS data. Taking 
ruh = 125 GeV and = 137 GeV with mf = 1.5 TeV, Fig. [2]shows that the choices mo/nipi = 0.5 and ^ = 0.12 
give Rhill) 1-3 and i??,(4^) - 1.5 at 125 GeV and R^j-f) - 1.3 at 137 GeV, fairly consistent with the CMSB 
observations. However, R^{4:£) ^ 0.5 at 137 GeV is a bit too large. Also shown in the figure are the rates for Z,W + h 
with h —i' bb and Z,W + (j) with (j> bb relative to their SM counterparts. For the above mQ/mpi = 0.5, ^ = 0.12 
choices, the Z,W + h{—>- bb) rate at 125 GeV is only slightly below the SM value, whereas the Z,W + (/){—>■ bb) rate 
is about 10% of the SM level predicted at 137 GeV. The former is consistent with the poorly measured bb rate at 
124 GeV while confirmation of the latter would require much more integrated luminosity. 

We note that it is not possible to get enhanced 77 and M h signals at 125 GeV without having visible 137 GeV 
(j) signals, i.e. the ATLAS scenario of no observable excesses other than those at 125 GeV cannot be realized for 
= 137 GeV. In addition, we note that for the rrih = 125 GeV and = 137 GeV mass assignment and 
mf = 1.5 TeV, it is not possible to obtain ^^1^(77) significantly above 1. More typically it is slightly below 1. 

For this case, it is also interesting to consider results for = 125 GeV and — 137 GeV for the higher value of 
mf = 3 TeV. Results for this choice are plotted in Fig. ^ We observe that Rhij"/) and Rh{4£) are both < 1 (or less) 
except for mo/mpi = 0.7 and large ^ for which i?0(77j<C 1. Thus, a reasonable description of the CMSB scenario 
requires relatively small mf . 

Next, one can also consider the reversed mass assignments of nifi = 137 GeV and = 125 GeV. One finds that 
there is no choice of mo/mpi at mf = 1.5 TeV for which the CMSB enhancements are approximately described. For 
^ choices for which there is an enhanced 77 signal at 137 GeV, the 4£ signal is even more enhanced. One can find 
^ and mo/mpi values such that the 77 and 4£ signals are suppressed at 137 GeV {i.e. we seek a description of the 
ATLAS case) but for such choices there is no 77 enhancement at 125 GeV. As above, for nig = 3 TeV significant 
enhancements are not possible. 



4. Signals at 125 GeV and high mass 

A general question is whether one could explain the ATLAS 125 GeV excesses as being due to the h or (p with 
the other being at high mass. As shown in Fig. |4j if m/j — 125 GeV and ^ 500 GeV, at mo/mpi = 1.1 one 
finds i?/i(77) ~ 1.18 and Rfi{4:£) ^ 1.45 for ^ ^ 0.79. As usual, the A£ signal is more enhanced (relative to the SM) 
than the 77 signal, but the above numbers are still consistent with the CMS 125 GeV ratios within errors. For these 
same choices, the to^ = 500 GeV signal in the M final state would be of order that expected for a SM Higgs at this 
same mass. CMS results in the M channel show a broad deficit in this same mass region that is inconsistent with the 
Higgs-radion prediction at the 2a level. For the above parameter choices, the 77 signal at = 500 GeV would be 
of order 8 times that for a SM Higgs at the same mass. 

Of course, it could happen that the CMS signals at 125 GeV drop to SM-level after more data is accumulated. 
SM-like signals are obtained for uih = 125 GeV and = 500 GeV at moderate ^ values. In this same parameter 
region, the heavy (p has a A£ rate that is suppressed relative to the SM, while the 77 rate is most typically highly 
enhanced, for example by a factor of ^ 5000 if ^ ~ 0.1 and niQ/mpi = 1.1. If the 77 rate is this large then the 
diphoton events at large invariant masses are likely to be observable [3S] . 

Finally, we note that if |^| is not modest in size when is large, the (j)VV {V = W, Z) couphngs become of SM 
strength or larger, thus adding more pressure on the general setup coming from precision electroweak constraints. For 
more discussion see 

If the mass assignments are reversed, mh = 500 GeV and = 125 GeV, then the A£ and/or 77 signals at 125 GeV 
are suppressed relative to the SM. In addition, this case is under tension from precision electroweak constraints since 
for all ^ the h alone has hVV couplings that are at least SM-like. Much larger A^ would be needed to have a hope 
of achieving PEW consistency from the Higgs-radion system [36 . In addition, the /i — >■ 4£ signal at high mass would 
be at least as large as predicted for a high-mass SM-like Higgs and therefore quite observable if nrih < 500 GeV, as 
seemingly inconsistent with ATLAS and CMS data. If ruh ~ 1 TeV, then the 4^ signal would be beyond current LHC 
reach but PEW inconsistency would be much worse. 
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Z + (f) production with <j!> — >■ bb. 



mh=125 GeV 

mo/Mpi=0.40 Mpino= 3.1 TeV 



K 

m 



lOl 
10° 



J3 10 



-1 ^ 



10 



& 10" 



I I I I I I I I I I I I I I I I I I I I I I I I I 



I I I I I I I I 



-2 L \ A / / /J 



-0.4-0.2 0.0 0.2 0.4 



m^=137 GeV 

mo/Mp,=0.50 Mpino= 2.4 TeV 

I I I I I 




10' 



<§ 10" 



-2 i- 



I I I I I I I I I I I I I I I I I I I 



-0.4 -0.2 0.0 



0.2 0.4 



b.-*yy: solid red; h-»ZZ: blue dashes; i>^yf: green dots; ^->ZZ; cyan long dashes 
Z(h->bb): black long dashes; Z(^->bb); magenta long double dashes 



Id 



mo/Mpi=0.60 Mp,no= 2.0 TeV 

loi 



10^ 







A 10-1 



10 



-2 ^ 



"S 10—3 



-1 — I — I — I — I — I — I — r 



M\l / \ 



_l I I I I L 



-0.2 



0.0 



0.2 



mo/Mp,=0.70 Mpino= 1.7 TeV 

I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 




-0.2-0.1 0.0 0.1 0.2 



FIG. 3. For = 125 GeV and = 137 GeV, we plot Rh{X) and R4,(X) for X = 77 and X = ZZ (equivalent to X = U) 
as a function of ^, assuming mf = 3 TeV. Also shown are the similarly defined ratios for Z + h production with h ^ bb and 
Z + (j) production with (j> — ^ 66. 



9 



ate 


loi 


K 






loO 


m 


<u 


10-1 




o 


10~2 


o 




Rati 


10-3 



mh=125 GeV 

mo/Mpi=O.BO Mp,no= 0.8 TeV 

I I I I I I I I I I I I I I I I I I I I I I I I 

\ 




-1.0 -0.5 0.0 0.5 1.0 



m^=500 GeV 

mo/Mp,=0.90 Mpino= 0.7 TeV 




1tf 10—3 

-1.0 -0.5 0.0 0.5 1.0 



h->77: solid red; h-»ZZ: blue dashes; <^-*yf- green dots; 0->ZZ; cyan long dashes 
Z(h->bb): black long dashes; Z(0->bb); magenta long double dashes 



Id 
in 



mo/Mpi=1.00 Mpino= 0.6 TeV 

loi F 



10' 







10 



-1 



o o ■ 
10--^ r 



Id 



10 



-3 



1 I I I I 1 I I 1 I I I I.I I 1^ 

■ - — *4 



I / 



/ 



I I ■ ■ I I I !■ 



-0.5 



0.0 



0.5 



1.0 



mo/Mpi=1.10 Mpino= 0.6 TeV 

I I I I I I I I I I I I I I -t. 1. 1 
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Z + (f) production with <j!> — >■ bb. 



B. Fixed 



In this section, we consider relaxing the tight relationship between mf and A^, which can occur in non-minimal 
scenarios as explained in the introduction. The relaxation of this relationship opens up additional phenomenological 
possibilities as a result of the fact that one is then free to consider rather low values of A^ independent of mo /mpi 
— we will study A^ = 1 TeV and A^ = 1.5 TeV, for which the Higgs-radion model can yield LHC rates in the 77 
and 4:£ channels that exceed those that are predicted for a SM Higgs. We note that when the gauge bosons propagate 
in the bulk, the phenomenology does not depend on A^ alone — at fixed A^ explicit plots not given here show that 
there is strong dependence on mo/mpi when rrio/mpi is small. However, for large mo/mpi > 0.5 the phenomenology 
is determined almost entirely by A^, but is still not the same as found in the case where all fields are on the TeV 
brane. Once again, we step through the various possible mass locations for the Higgs and radion that are motivated 
by the LHC excesses in the 77 and/or Ai channels. 



1. Signal only at 125 GeV 



As shown in Fig.[5j the choice of A^ = 1 TeV with = 125 GeV and ruh = 120 GeV gives a reasonable description 
of the ATLAS excesses at 125 GeV with no visible signals at 120 GeV in either the 77 or Ai channels when one chooses 
nio/mpi — 1 and f — —0.016. In contrast, for A^ — 1.5 TeV the 125 GeV predicted excesses are below IxSM and 
thus would not provide a good description of the ATLAS data. As exemplified in Fig. [6j for the reversed assignments 
of mil = 125 GeV and — 120 GeV any choice of parameters that gives a good description of the 125 GeV signals 
always yields a highly observable 120 GeV signal. 
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FIG. 5. For rrih = 120 GeV and = 125 GeV, we plot Rh{X) and R^{X) for X = 77 and X = ZZ (equivalent to X = U) 
as a function of ^ taking fixed at 1 TeV. 

2. Signals at 125 GeV and 120 GeV 



We can also consider Fig. [6] to see if there is a choice of ^ for which consistency with the CMSA scenario is achieved. 
We observe that if f is at its maximum value and mo/mpi = 1.1 then the 77 and 4£ signals at = 125 GeV are 
still within —la of the CMS data while at = 120 GeV one finds R^{4:£) ~ 2.5 while Rci,{jj) ^ 0.3, which values 
are roughly consistent with the CMSA situation. For the reversed assignments of m/i = 120 GeV and = 125 GcV, 
Fig [5] illustrates the fact that a satisfactory description of the two CMSA excesses is not possible — for ^ such that 
appropriate 125 GeV excesses are present, Rh["f^) and Rh{4:i) at 120 GeV are always small so that the M excess at 
120 GeV is not explained. 



3. Signals at 125 GeV and 137 GeV 

Let us now consider the CMSB scenario. For A^ = 1 TeV, one finds m/i = 125 GcV and to^ = 137 GeV with 
the choices nio/mpi — 0.6 and ^ = —0.05 give Rh{'^"i) ~ 2 and Rh{M) ^ 1 at 125 GcV, while R^{'-fj) ~ 2 and 
i?0(4£) ~ 0.4 at 137 GeV, an ok description of the CMSB excesses. An equally rough description of this same 
situation is also possible for A^ = 1 TeV with mo/mp/ = 0.8 and ^ = 0.05. 

For A^ = 1.5 TeV a somewhat better simultaneous description of these excesses is possible. Fig. [7] shows some 
results for rrih = 125 GeV and = 137 GeV. For mo/mpi — 0.25 and ^ ~ —0.1 one finds Rhi^j) ^ 2 and 
Rh{^(-) 1-5 at ruh = 125 GeV, while R^ti'jj) ~ 2 and -R0(4£) ^ 1 at = 137 GeV, in pretty good agreement with 
the CMSB scenario. 

If we reverse the configuration to rrih ~ 137 GeV and = 125 GeV, only A^ = 1 TeV with nio/mpi = 0.8 
and 5 ~ 0.05 comes close to describing the two excess; one finds that the = 125 GeV 77 and 4^ signals and the 
rrih — 137 GeV 77 signal are all at the level of ~ 1.4xSM. However, the nih ~ 137 GeV M signal is at the level of 
^ 0.6x SM which is 4ct away from the CMS central value at this mass. For these mass assignments and the higher 
A^ — 1.5 TeV value, niQ/mpi and ^ choices that approximately describe the CMS excesses cannot be found — the 
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FIG. 6. For TUh = 125 GeV and = 120 GeV, we plot RhiX) and R^{X) for X = 77 and X = ZZ (equivalent to X = 4^) 
as a function of ^ taking fixed at 1 TeV. 

7710 — 125 GeV signals are never simultaneously sufficiently large to fit the observed signals. 

4. Signals at 125 GeV and higher mass 



We choose not to show any specific plots for this situation. For = 1 TeV or 1.5 TeV, it is possible to choose one 
of either the h or (p to have a mass of 125 GeV and find mo/mpi and ^ values that result in a decent description of 
the 125 GeV ATLAS excesses. When the is heavy, the scenario can be viable but the (p might be hard to dicover 
due to suppressed couplings to ZZ. When the h is heavy there would be tensions coming PEW constraints and, if 
the higher mass is chosen below 500 GeV, a highly observable A£ signal that would be inconsistent with ATLAS and 
CMS observations in that region of mass. 



5. SM Higgs at 125 GeV and Signal at 137 GeV 



It is still quite conceivable that, after accumulating more data, the excesses at ^ 125 GeV will converge to those 
appropriate for a SM Higgs boson. Such a situation would correspond to taking ^ = in the Higgs-radion model. 
In this case, one can ask whether or not there could be a radion at some nearby mass and what its experimental 
signature would be. To exemplify, let us suppose that the signal at 137 GeV of the CMSB scenario survives. In Fig. [8] 
we plot R(j,{X) for X = 77 and X = 4£ as a function of A^ for a selection of mo/mpi values, taking ^ = 0. Also shown 
are ratios to the SM for Z — )■ Z(j) with (j) bb and for WW — — )■ X for X = 77, ZZ and bb. One observes that a 
nice description of the i?(77) ^ 2 excess at 137 GeV is possible, for example, for mo/mpi = 0.3 at A^ ~ 2.8 TeV with 
the M signal (and all other signals) being very suppressed. As also apparent, other choices of the ma/mpi and A^ 
will also yield Rciy{'jj) ^ 2 with varying levels of A£ and other signals. (However, to suppress R^{4:£) below 0.2 while 
achieving i?0(77) ^ 2 requires mo/mpi > 0.3.) We also note that for £, = the Z,W + </'(—> bb) rates are greatly 
suppressed relative to their SM counterparts. 
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FIG. 7. For TUh = 125 GeV and = 137 GeV, we plot RhiX) and R^{X) for X = 77 and X = ZZ (equivalent to X = 4^) 
as a function of ^ taking fixed at 1.5 TeV. 

Plots for the case of a SM Higgs at 125 GeV and = 120 GeV look very similar and, in particular, it is not 
possible to find parameters for which the Ai signal substantially exceeds the 77 signal — the reverse always applies, 
as one anticipates from the enhanced anomalous 77 coupling of the (unmixed) 0. 



III. SUMMARY AND CONCLUSIONS 

The Randall Sundrum model solution to the hierarchy problem yields interesting phenomenology for the Higgs- 
radion sector, especially when Higgs-radion mixing is allowed for, and can be made consistent with FCNC and PEW 
constraints if fermions and gauge bosons propagate in the 5th dimension. At the moment, there are interesting hints 
at the LHC of narrow excesses above SM backgrounds in the 77 and ZZ — )■ 4£ channels, as well as a broad excess in 
the WW ivlv channel. ATLAS sees excesses in the 77 and 4£ channels at a mass of ~ 125 GeV of order 2xSM 
and 1.5xSM respectively. CMS sees a 77 excess of order 1.5x SM at ~ 124 GeV and constrains the M channel at 
this mass to be less than ^ 1.5xSM. Additional excesses at 120 GeV (in the 4^ channel) and at 137 GeV (in the 77 
channel) are present in the CMS data. 

In this paper, we explored a wide range of possibilities within the Randall Sundrum model context. In a first set 
of plots, we assumed the standard relation between A^ (the radion field vacuum expectation value), the curvature 
ratio mo/mpi and (the mass of the 1st excited gluon state) that applies in the class of scenarios in which the 5th 
dimension profiles for light fermions need to be peaked near the Planck brane in order to avoid corrections to FCNC 
and PEW constraints that are too large. We considered lower bounds on the latter of mf > 1.5 TeV or 3 TeV, as 
estimated using LHC data. Our second set of plots are done holding A^ fixed at either 1 TeV or 1.5 TeV, using the 
fact that the lower bounds (as a function of mo/mpi) on A^ resulting from a lower bound on the mass of the can 
be loosened in non-minimal extensions of the setup. Our studies are done assuming that the Yukawa coupling of the 
brane Higgs to the 5D fermionic fields proportional to HQfjY2UL + h.c. is small. Such a choice is consistent with 
FCNC and PEW constraints. In this case, the unmixed ho couplings, in particular to gg and 77, are not modified with 
respect to those of a SM Higgs boson. In this way, we sample an interesting range of phenomenological possibilities. 
For fully general Y2, corrections to the Hq couplings due to 5D effects can be large and can either suppress or enhance 
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the gg and 77 couplings by tens of percent. Even without this freedom, the mixed Higgs-radion phenomenology is 
quite diverse as we have shown. 

Since the single Higgs plus radion model can describe at most two Higgs-like excesses, we considered three scenarios 
labelled as: ATLAS, with 77 and A£ excesses at 125 GeV larger than SM and no other significant excesses; CMSA, 
with 77 and Ai excesses at 124 GeV above SM level and a Ai excess at 120 GeV; and, CMSB, with 77 and Ai excesses 
at 124 GeV above those predicted for a SM Higgs boson of this same mass along with a 77 excess at 137 GeV 
that is also larger than would have been predicted for mtg^i — 137 GeV. In both the fixed mf ~ 1.5 TeV and the 
fixed A^ = 1 TeV model possibilities, the signal levels of the ATLAS and CMSB scenarios could be nicely described, 
whereas the enhancements relative to the SM were too small for m\ = 3 TeV and A^ = 1.5 TeV, respectively. A 
satisfactory description of the CMSA scenario was also found in the case of fixed A^ = 1 TeV, but not in the case 
where fixed m\ = 1.5 TeV was used to determine A^ as a function of ma/mpi. In general, successful fitting of the 
ATLAS and CMSB excesses required a modest value for the radion vacuum expectation value, mostly A^ < 1 TeV, 
and typically rrio/mpi > 0.5, a range that the most recent discussion suggests is still consistent with higher curvature 
corrections to the RS scenario being small. 

We also considered expectations for the radion signal in the case where the Higgs signal was assumed to ultimately 
converge to precisely that for a SM Higgs of mass 125 GeV. This situation would arise if there is no Higgs-radion 
mixing. We found that interesting excesses at the radion mass would be present for low enough A^, namely A^ < 
3 TeV, but would always be characterized by a 77 signal that substantially exceeds the A£ signal (as appropriate for 
the CMS 77 excess at 137 GeV but in definite contradiction with the CMS Ai excess at 120 GeV). Finally, we noted 
that a larger-than-SM signal in WW — /i or (/) — 77, as possibly seen by CMS at 125 GeV, cannot be achieved (at 
least in the model employed here where the unmixed ho couplings are SM-like). 
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